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Abstract 
In this paper, a new direct current (DC) plasma source for surface alloying using array-needle-cathode has been designed and 
manufactured. The array-needle-cathode is used to produce a stable abnormal glow discharge plasma in a rectangular chamber. 
During the surface alloying process, it is noticed that the discharge modes severely influenced the plasma parameters including 
electron density (Ne) and electron temperature (Te). The Te obtained by optical emission spectrometry (OES) through the 
comparison of the relative intensity of NĊ in 3919Å and 3995Å is between 1.44eV and 5.40eV. The distribution and fluctuation 
of Te in the two-dimensional planar are revealed by analysis of digital camera images. It is concluded that the discharge by the 
array- needle-cathode is a kind of new plasma source which can generate stable plasma with a high electron temperature 
applicable for surface alloying. Lastly, with this array-needle-cathode plasma source (ANCPS), W-Mo-N alloyed layer on Ti 
alloy is explored in this paper. 
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1. Introduction 
Plasma process plays an important role and is widely utilized in the surface modification for metal materials. 
These include: ion implantation (II)[1], metal vapor vacuum arc source ion implantation (MEVVA)[2], plasma 
source ion implantation (PSII/PIII)[3], ion beam enhanced deposition (IBED/IBAD)[4], filtered arc deposition 
(FAD)[5], double-glow plasma surface alloying (DGPSA)[6], laser surface treatment (Laser alloying)[7], and 
plasma enhanced chemical vapor deposition (PECVD)[8] as well as micro-arc oxidation (MAO)[9] etc. Here, the 
double glow plasma source for surface alloying (DGPSA) is one of the most promising techniques in the field of 
surface alloying [10]. 
In our pervious works [6,11], the DGPSA processing was developed by controlling two different direct-current 
(DC) powers.  The DGPSA consisted of three electrodes: the common anode, the cathode (substrate), and the source 
(supplying alloying element) electrodes. In general, the source electrode material is made of one or more of the 
implanted alloying elements. During discharge the plasma impact the source electrode, and atoms of source 
electrode are sputtered and then diffuse into the substrate. At the same time, the substrate was heated at high 
temperature (about 800-1000°) by ion bombarding. As a result, the alloying elements from source electrode were 
penetrated into the sample surface. The depth of the diffusive layer varied from several microns to 500 micrometer 
with the concentration of alloying elements in few percent to 90% or even more in the surface. Due to the high 
efficiency of DGPSA for surface alloying, the mono-element alloying of Ni, Cr, Mo, W, Ta, Al, Ti, etc. and multi-
element alloying of Ni–Cr, W–Mo, W–Mo–Cr–V, etc. have been studied in detail in previous [6, 11].  
But in previous works the source electrode usually was a plantar, and the double glow discharge generated 
among cathode, source electrode and anode. The voltage of cathode electrode and source electrode were controlled 
by two separated DC powers. Therefore, it is difficult to generate large area uniform and parameter controllable 
plasma for industrial applications due to impurities, discharge instabilities (transformation into an arc discharge) and 
process instabilities (the interaction effects of two supplying DC powers).  
Based on the aforementioned disadvantage of DGPSA, recently an array-needle-cathode instead of a planar 
electrode was used to generate homogeneously glow discharges between the electrodes and substrate only by one 
power.  
In this paper, the array–needle-cathode discharging in a rectangular chamber is investigated. The Te is diagnosed 
by optical emission spectrometry (OES), and the distribution of  is revealed by charge coupled device (CCD) 
image method. It is noticed that uniform and stable plasma is operated on an abnormal glow discharge region in the 
rectangular chamber. As application, the, C-Mo-N modifying Ti alloy was explored by array-needle-cathode plasma 
surface alloying technique. 
eT
2. Experimental system and methods 
The schematic diagram of the array-needle-cathode discharge is shown in Fig.1. The chamber as anode is 
grounded. The array-needle-cathode source and the plate substrate cathode are mounted in 90×60×60 mm3 
stainless-steel rectangular chamber. The geometry of nine-needle arranged in 3×3 as source cathode is shown in 
Fig.2, in which the needle is 4mm in diameter and separated ca.15mm with each other. The distance between the top 
of array-needle-cathode and the substrate is 20-30 mm. The plasma alloying is performed at pressure of 30 Pa~50 Pa. 
The DC voltages applied between chamber (anode) and the needle source is 400V~600V with current between 
3.0A~7.0A, corresponding to the input power is around 1.5~2.5 kW during the surface alloying. The discharge gas 
is nitrogen, or mixture gases of nitrogen and argon. For plasma parameter diagnosis the optical emission 
spectrometry (OES) instrument and charge coupled device (CCD) digital camera are placed in the front of quartz 
windows of the chamber. The monochromator has a resolution of 0.05nm and coupling with a photomultiplier tube. 
The wavelength of the monochromator is calibrated using a sodium lamp previously. And the emission spectra (300-
700nm) are recorded as a function of the electrical power and working pressure in this experiment. 
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Fig.1.The schematic diagram of the experimental setup 
 
Fig.2.The photos of the array- needle-cathode 
The discharge profile images are taken by CCD digital camera with 3504×2336 pixels resolution coded in 8 bits. 
The camera aperture and exposure time are carefully selected so that the maximum image brightness can be 
approached but not exceeding 255 units. The CCD image is then converted into visualization profile and analyzed 
by the previous developed method [12]. 
3. Results and discussion 
3.1. Characteristics of the array-needle-cathode plasma source  
In order to understand the plasma properties which relate with surface alloying, plasma parameters such as 
current-voltage characteristic and the electron temperature were investigated. 
Fig.3 shows the current-voltage curve of applied voltages from 300V to 600V. It is clearly noticed that the 
plasma generated in the chamber is the abnormal glow discharge where the voltage is changing in proportion to the 
current. Practically during surface alloying the discharge current is kept at 3A~5A and the voltage is remained at 
500V. After ca. 10min, the needle source cathodes and substrate cathode are heated to temperatures of 1500  and ć
700 ~850 , respectively, which cause the alloying elements diffusing from needle electrodes intć ć o the surface of 
the substrate. 
 
Fig.3.A current–voltage characteristic for the array-needle-cathode discharge 
Optical emission measurement can be used to detect the electron temperature, electron energy distribution and 
the density of upper-state population of plasma species [13]. The electron temperature can be determined by 
comparing the relative intensities of the two spectral lines of the same atom. This method is based on the assumption 
that the velocity distribution of the electrons is Maxwellian and the population of the emitting levels follows the 
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Boltzmann distribution[14,15].  The method also requires that plasma is in state of local thermodynamic equilibrium 
(LTE), or at partial local thermodynamic equilibrium (PLTE). The criterion for fulfillment of LTE or PLTE 
condition depends primarily on electron density. To determine the electron temperature of the plasma in LTE 
conditions it is possible to use the following relationship [16]: 
> @33 14 1/ 2( ) 1.4 10 ( ) ( )e eN cm T eV E eV t u '  
E'where  is the energy difference between the states, which expected to be in LTE. Griem[17] and Drawin[18] 
specify a lower limit on electron density of about 1014cm-3 for nonhydrogenic emitters to exist in LTE. 
The Stark broadening of the Hȕ line of CH4 plasma was used to calculate the electron density of the array-needle-
cathode plasma by following the method described by our previous reports to double glow discharge plasma 
[19].The other possible contributions to spectral line width of other mechanisms such as Doppler broadening, 
resonance pressure broadening, self-absorption and instrumental broadening, have been also considered. In this 
experiment the Doppler broadening and resonance pressure broadening can be safely neglected [20] and Stark 
broadening is presumably dominant. 
H 1 2 -E 1O O O'  ' 'For the FWHM of the Hȕ ( ) was determined by using the formula:  HEO'
 is the measured result of line shape, ȜƸwhere 1/2O' 1 is the the contribution of instrumental line broadening . In this 
work , ȜƸ 1 is 3Å determined by measuring the FWHM of the Na lines emitted by a calibrated spectral 
lampˊThe  was calculated by the formula:  eN
14 2 / 3
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'  u  
where the excitation coefficient HED is 0.087. The results show the electron density falls from 3.37×1015cm-3 to 
7.41×1015cm-3. The electron number densities determined for the array-needle-cathode plasma are in the order 
1015cm-3 which plasma density is in the range of LTE. Thus, the assumption of LTE is valid in our experiments. 
    Once the relative line intensities are known, the following relation can be used: 
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are relative line intensities of lines in spectra, mn , pqwhere mnI  and pqI A A  are corresponding transition 
probabilities,  inhere m, p are assignment to the upper lever, and n, q for lower level of the lines respectively; 
are the statistical weight of the upper levels; mnmg pg O, , pqO are wavelengths of the line centers in vacuum; 
pE , m   are the excited energy. The electron temperature is determined as a function of input electrical power and 
filling pressure by the intensity ratio of two N
E
Ċlines˄3919Å and 3995Å˅. 
Fig.4 shows the relationship of electron temperature with input power and working pressure. It shows the 
electron temperature in the region of 1.1 and 4.8eV, which is in agreement with several hollow cathode discharge 
plasmas by Langmuir probe measurement results [21,22]. It obtains that electron temperature increases gradually 
with the high input power. The possible reason is due to the discharge operating in the abnormal glow discharge 
region, where the increasing input power leads to the increase of the energy of the secondary electron ejected from 
cathode by ion bombardment. The distribution of electron temperature is lower in higher pressure 80Pa, which is 
due to the collisions increasing (shorten free path) between the electrons and other species, and causing the energy 
transferred from the electrons to species [23]. 
 
Fig.4.Dependence of electron temperature on input power at different pressures 
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It is well-known that the light intensity is relevant to the electron density and electron temperature in plasma. The 
luminous intensity of a certain spectral line corresponding to the levels of  and gm can be written as: 
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Here ,    are constants for identical measurement system. are quantum number of corresponding levels. gm,ak c
,mgA , , ,mg m mE hO V  are spontaneous transition probability, light frequency, excitation potential of level, m  (super 
level) and plank's constant, respectively.  are density of work gas, electron density, and electron 
temperature; 
ee TNN ,,
 is collision section, when T > , mV e m mE V ,  was supposed to be a constant. 
The continuum radiation intensity of every light band is sum of intensities of all monochromatic spectral line 
existed in corresponding wavelength region. Supposing the total spectral band intensities of three-light of blue (B), 
green (G) and red (R) are b , g and r , they corresponded to wavelength of 400-500nm (B), 500-600nm (G) and 
600-700nm (R), respectively. From the relative intensities of any two light-band , for example, and  we can 
obtain: 
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In equation (2), for a certain measurement system only eT  is variable and other parameters are constant. It means 
that for two certain light bands, the value b rI I  is only the function of eT , i.e. the variation of b rI I only depends 
on the variation of eT . Therefore we can use equation (2) and measured data of and  to reveal the fluctuation 
of electron temperature in plasma [21]. 
bI rI
A CCD digital camera sensing to the visible wavelength (400-700nm) is used to record the emission image. 
Then, the images are converted into the map of intensities of three different light-bands by a program based on 
Matlab program. The profile of every single color light-band with a width of 100nm is showed. Fig.5 (a) is a 
typical discharging image with mixture gases of Ar:N2=1:1 at 30Pa and 480V. Fig.5 (b) to (d) shows the two-
dimensional intensities profile of R, G and B light-band, respectively, from Fig.5 (a) frame area. Fig.5 (e) 
reveals the distribution of relative intensity of r bI I  (the colors represents the intensity value) in two-
dimension. From the emission profiles in Fig.5 (b)-(d), we observe the increase of emission intensity in the 
centre of between needle source electrode and substrate electrode, which means the electron density and 
temperature are maximum at the centre of discharge chamber. The distribution of intensity reaches minimal 
value in the electrode edge on either side, which may be the custodial dark space near the electrode surface. 
The two-dimension ratio of r bI I  indicates the distribution of . Fig.5 (e) shows the fluctuation of in 
horizontal and vertical direction. In the needle cathode region the ratio of 
eT eT
r bI I is larger than that in the centre 
region in the horizontal direction. It means that the fluctuation of    is more intense than that in centre region. 
In contrast, the small variation of 
eT
r bI I  indicates the more uniform distribution of  in the vertical direction. 
These results are in agreement with that of Langmuir probe measurement [24]. 
eT
3.2 Ti-6Al-4V surface alloying using array-needle-cathode 
Such plasma source with a high input power enables Ti-6Al-4V surface being modified by Mo, C and N 
elements. The process is performed at working pressure of 30Pa with 9-needle-cathode array of pure Mo rods in the 
mixture gas of Ar–N2, 400V to 550V applied voltage for 180 min, where the temperature is 700-850ć. After 
alloyed the Ti̢6Al̢4V substrate shows a silvery color and demonstrates an excellent adhesion to Mo-C-N 
modified layer. 
Figure 6 is the cross-sectional morphology of Ti–6Al–4V sample alloyed by Mo-C-N. A distinctive interface 
between the modified layer and the substrate body is visually observed. It is worth noting that the interface is not a 
precise interface but a composition where the phase difference was caused from the preferential etching. It is found 
that the diffusion layer of Mo-C-N can reach the thickness of approximately 30 ȝm into the body. X-Ray diffraction 
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(XRD) analysis of the Mo-C-N modified Ti–6Al–4V substrate reveals that TiN, Mo2N, MoC phases existed in the 
alloying layer but only ǂ-Ti in the subsurface. 
 
Fig.5.Analysis of plasma image (a) a typical image of Ar:N2=1:1 discharging at 480V, 30Pa; (b)-(d) two-dimensional intensity profiles of R,G 
and B light-band in the selected frame region (e) pattern of two-dimensional fluctuation of r bI I  
 
Fig.6. Cross-sectional optical morphology of the Mo-C-N modified layer at 850  by MNCPSAć . 
 
4. Conclusion 
As a summary, the stable plasma was generated by array-needle-cathode discharge in a rectangular chamber and 
the plasma parameters were diagnosed by OES. The voltage change in proportion to the current means an abnormal 
glow discharge of this plasma source. The electron temperature is between 1.44ev and 5.40eV and increasing along 
with the input power. The variation of electron temperature majors in horizontal direction rather than in vertical 
direction by CCD image analysis. After enough time of the applied DC power, the discharge chamber can maintain 
at a temperature around 700  to 850 . As a result the surface atoms in needle cathodes are sputtered by high ć ć
energy ion bombardment and diffused into the substrate, which were modified at this high temperature. As a 
example, about 30ȝm Mo-C-N alloying layer was formed on the Ti–6Al–4V surface. It concludes that the array-
needle-cathode discharge plasma is both a new plasma source and an effective method for improving the surface 
properties of metal by formation of graded diffusion hard alloying layers. 
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